Glucocorticoids have significant immunoregulatory actions on thymocytes and T cells and act by binding and activating cytosolic glucocorticoid receptors, which translocate to the nucleus and control gene expression through binding to specific response elements in target genes. Glucocorticoids promote cell death by activating an apoptotic program that requires transcriptional regulation. We set out to identify genes that are crucial to the process of glucocorticoid-mediated thymocyte apoptosis. Freshly isolated murine primary thymocytes were treated with dexamethasone, mRNA isolated and used to screen DNA microarrays. A set of candidate genes with upregulated expression was identified and selected members assayed in reconstituted fetal thymic organ culture (FTOC). Fetal liver-derived hematopoietic progenitor cells (HPCs) were infected with retroviruses expressing individual genes then used to repopulate depleted fetal thymic lobes. Reconstituted FTOCs expressing the gene Tnfaip8 were treated with dexamethasone and shown to be greatly sensitized to dexamethasone. Retrovirus-mediated RNA interference was applied to knock down Tnfaip8 expression in HPCs and these were used to reconstitute FTOCs. We observed that downregulating the expression of Tnfaip8 alone was sufficient to effectively protect thymocytes against glucocorticoid-induced apoptosis. We propose that Tnfaip8 is crucial in regulating glucocorticoid-mediated apoptosis of thymocytes.
Glucocorticoids have been reported to have significant immunoregulatory actions on thymocytes and T cells. [1] [2] [3] They act by binding and activating cytosolic glucocorticoid receptors, which translocate to the nucleus and control gene expression by binding to glucocorticoid response elements in target genes. Glucocorticoids can promote cell death by activating an apoptotic program that requires transcriptional regulation. The inhibition of either transcription or translation will block glucocorticoid-induced apoptosis of thymocytes, indicating that de novo synthesis of mRNA and protein is obligatory. [4] [5] [6] Multiple signaling pathways appear to act on the initiation of glucocorticoid-induced apoptosis. 7 BCL-2 family members have an important role: for example, the thymocytes of mice null for both the Bax and Bak genes are resistant to glucocorticoid-induced apoptosis. 8 Glucocorticoid-induced apoptosis in thymocytes appears to act via BAX/BAK-mediated release of cytochrome c from mitochondria and activation of CASPASE-9. 9 In addition, expression of BIM, a BH3-domain-only member of the BCL-2 family, has been shown to be induced by glucocorticoids. 10 Thymocytes from Bim À/À mice show significantly reduced sensitivity to glucocorticoid-induced apoptosis 11 and downregulation of Bim expression in a B-cell line by RNA interference (RNAi) greatly reduces sensitivity to glucocorticoid. 12 There is considerable debate regarding how endogenous glucocorticoid levels can influence thymic development and homeostasis. [1] [2] [3] 13, 14 Glucocorticoids are produced within the thymus by thymic epithelial cells, 15, 16 and evidence exists to suggest they have a considerable effect not only on thymus homeostasis, but also on the nature of the developing T-cell receptor repertoire. 2, 3 We set out to identify genes that have a functional role in the process of glucocorticoid-mediated thymocyte apoptosis. We treated freshly isolated murine primary thymocytes with dexamethasone, isolated RNA and used this to screen DNA microarrays. A set of candidate genes with upregulated expression was identified and selected members of this set were assayed in reconstituted fetal thymic organ culture (FTOC). Fetal liver-derived hematopoietic progenitor cells (HPCs) were infected with retroviruses expressing individual candidate genes and used to repopulate depleted fetal thymic lobes. The resultant gene-specific reconstituted FTOCs were treated with dexamethasone and their sensitivity was measured. The gene Tnfaip8 was shown to greatly sensitize thymocytes to dexamethasone in FTOCs. We then knocked down Tnfaip8 expression in HPCs using gene-specific retrovirus-mediated shRNAmiRs and used these HPCs to reconstitute FTOCs. We observed that downregulating Tnfaip8 expression alone was sufficient to effectively protect thymocytes against glucocorticoid-induced apoptosis.
Results
Identification of candidate glucocorticoid-regulated target genes. Our initial experiments set out to identify candidate target genes that might have a functional role in regulating glucocorticoid-mediated thymocyte apoptosis. To isolate RNA for gene array expression analysis, primary thymocytes were taken from C57Bl/6 mice and cultured in vitro for 4 h ± 5 mM dexamethasone ± 25 mM roscovitine. Roscovitine is an inhibitor of cyclin-dependent kinases, which has been shown previously to delay glucocorticoid-induced thymocyte apoptosis at an early stage 17 and hence allow gene expression to be analyzed following initiation of the glucocorticoid apoptotic response but before loss of mitochondrial integrity. Roscovitine blocked cell death for at least 4 h following exposure to dexamethasone when comparing dexamethasone þ roscovitine with dexamethasone alone (Figure 1a ). Thymocytes from three independent experiments were harvested 4 h post-treatment and RNA was isolated and processed for analysis on Affymetrix MGu74Av2 gene arrays. The genes most highly upregulated by dexamethasone in the presence of roscovitine, compared with thymocytes incubated with roscovitine alone, are detailed in Figure 1b and selected members of this set were further analyzed for their role in thymocyte apoptosis.
Functional analysis of candidate genes in FTOCs and on OP9-DL1 stromal cells. Many of the dexamethasoneinduced genes found in this study have been previously reported in similar screens, including Tdag8, 18, 19 Fkbp51,
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Dig2 20 and Bim. 19, 20 Overexpression of these genes changes susceptibility to apoptosis and also changes sensitivity to dexamethasone in a variety of systems. We, therefore, first addressed if the genes identified in this screen could regulate the survival of developing thymocytes. We used a retroviral expression vector that allows coexpression of individual candidate genes with a truncated version of human CD2 in HPCs (Supplementary Figure S1a) . The retrovirally transduced cells can be differentiated using the FTOC system into thymocytes expressing both CD4 and CD8, so-called double positive (DP) cells. DP thymocytes are by far the most sensitive T cells to glucocorticoid-mediated apoptosis. 1 A mixture of human CD2 À (hCD2) (uninfected) and hCD2 þ (infected) cells are used for the T-cell development assays, thereby providing an internal control of 'wild type' cells, as this allows for comparison of T-cell development within the same assay as illustrated for FTOCs in Figure 1c . þ cells within the DP thymocyte population was quantified. The efficacy of the FTOC assay was tested by overexpression of the previously identified dexamethasone target genes Tdag8 (present in target list), Bax (absent in target list) and the anti-apoptotic gene Bcl-2. HPCs were transduced, with between 70 and 90% efficiency, and hCD2 expression was measured pre-and post-FTOC. No change in the ratio of expressing cells was detected with the vector control ( Figure 2a) . A major drop in the ratio of both Tdag8-and Bax-expressing cells was detected post-FTOC, confirming a negative effect on survival by both Tdag8 and Bax on developing thymocytes (Figure 2a ). The ratio of Bcl-2-expressing cells went up from 90% to close to 100%, confirming a pro-survival effect of Bcl-2 on developing thymocytes. These data show that the FTOC assay can be used as a functional readout to assess the effect of retrovirally transduced genes on survival and T-cell development.
To assay their role in T-cell survival, HPCs were infected with retroviruses expressing candidate gene cDNAs and used to repopulate 2-deoxyguanosine (2dGuo)-depleted FTOCs in hanging drop culture. The FTOCs were transferred to filters for 13 days to determine the effect of candidate gene expression on thymocyte development and cell survival. Of the target genes assayed, Tdag8, Tnfaip8, A20 and E4bp4 were shown to confer a net negative effect on thymocyte survival in reconstituted FTOCs. These effects are shown for an extended set of genes using multiple FTOCs per gene (n ¼ 4-6) in Figure 2a . The percentage of hCD2 þ cells representing the efficiency of HPC infection (pre-FTOC), the proportion of hCD2 þ cells in reconstituted FTOCs following 13 days on filter (post-FTOC) and the proportion of DP cells in the reconstituted FTOCs, which are hCD2 þ (post-FTOC DP) are shown. The pro-apoptotic effect of Tdag8, Tnfaip8 and E4bp4 within the DP population is significantly large (Figure 2a ) and very similar in extent to Bax; however, mSpp1 has no effect on thymocyte survival and A20 overexpression abrogates thymocyte development in this system.
We decided to focus our functional analysis on Tnfaip8 and Tdag8. We prepared reconstituted FTOCs using Tdag8 and Tnfaip8 to determine their effect on total cell number as well as the proportion of hCD2 þ cells ( Figure 2b ). Both Tnfaip8 and Tdag8 had a profoundly negative effect on the survival of hCD2
þ cells compared with total cells within the reconstituted FTOCs. This effect was identical to that caused by the pro-apoptotic gene Bax. 
bcl-2 tnfaip8 vector bax We determined the expression level of Tnfaip8 and Tdag8 during normal T-cell development by sorting thymocytes from normal thymuses into CD4 À CD8 À (DN); DP and CD4 or CD8 single positive (SP) cells, extracting RNA and performing quantitative PCR (Q-PCR). The major change observed was the dramatic upregulation of Tnfaip8 expression within the DP population (Supplementary Figure S2) . To determine whether overexpression of Tnfaip8 and Tdag8 enhanced sensitivity to glucocorticoids, we exposed reconstituted FTOCs to 0.5 mM dexamethasone for 4 h. We had previously determined that 0.5 mM dexamethasone sufficiently saturates the glucocorticoid receptor and induces a maximal apoptotic response (Supplementary Figure S3) . It should be noted that the levels of apoptosis in thymocytes from intact FTOCs are in the range 0-10% as they were measured at early time points on small numbers of cells. Following dexamethasone treatment, the thymocytes were stained for CD8 and hCD2 cell surface expression, saponin-permeabilized and stained with 7AAD to measure DNA content. Significantly enhanced sensitivity to dexamethasone was found in hCD2 þ thymocytes retrovirally infected with Tdag8, Tnfaip8 and the positive control, Bax (Figure 2c ). It should be noted that the relevant comparison within each set of data points is the percentage of apoptosis following dexamethasone treatment in the presence or absence of the gene assayed. Therefore, overexpression of both Tdag8 and Tnfaip8 sensitizes thymocytes to glucocorticoid-induced apoptosis as previously shown for Bax.
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To confirm these effects on primary thymocytes in suspension using larger numbers of cells, we adapted the OP9-DL1 co-culture system 22, 23 to generate retrovirally transduced DP thymocytes. HPCs were retrovirally infected as before, but then 24 h post-infection they were used to seed six-well tissue culture dishes containing OP9-DL1 stromal cells. The cultures were split every 4-7 days and fresh IL-7 and Flt-3L was added. Figure 3a shows a representative flow cytometric analysis of OP9-DL1-derived thymocytes 15 days after seeding and stained for CD4 and CD8 with gating on live hCD2-positive cells. DP thymocytes were produced in all cases; however, the apoptosis regulatory genes do not cause a developmental effect due to the presence of a high level of cell-protective cytokines such as IL-7. The OP9-DL1-derived thymocytes at day 15 post-seeding were treated with 0.5 mM dexamethasone for 12 h to assess their response to glucocorticoid-mediated apoptosis. To determine the degree of apoptosis, the thymocytes were stained for CD8, hCD2 and DRAQ5 to determine DNA content (Figure 3b) . The presence of the control anti-apoptotic genes Bcl-2 and Bcl-x L clearly protected the thymocytes against dexamethasone-induced apoptosis relative to vector only, whereas Bax promoted it. Tnfaip8 and Tdag8 both promoted apoptosis to a similar extent as Bax, confirming their potential as important regulators of glucocorticoid sensitivity in thymocytes.
Effect of RNAi-mediated knockdown of Tnfaip8 on glucocorticoid-induced apoptosis in FTOCs. Tdag8 and Tnfaip8 emerged from the initial screen and subsequent functional analysis as good candidate target genes for the regulation of glucocorticoid-mediated apoptosis. However, during the course of this work, Tdag8 À/À mice had been generated and shown to have no defective survival response to glucocorticoid treatment, 24 suggesting that there is redundancy in the function of Tdag8. Therefore, we decided to focus on Tnfaip8 to determine if it has a crucial role in glucocorticoid-induced apoptosis. We used RNAi to selectively downregulate Tnfaip8 expression in FTOCs and monitor the effect of dexamethasone on thymocyte survival.
Predictive software was used to identify two shRNAs that would effectively knockdown Tnfaip8 expression (referred to as T8-RNAi-1 and T8-RNAi-2) directed against sequences corresponding to regions N-terminal (amino acids 35-43) and C-terminal (amino acids 161-169) of the Tnfaip8 protein (Figure 4a ). These sequences were screened for their effectiveness by assaying their ability to decrease b-galactosidase expression following co-transfection of 293T cells by a U6-promoter-driven shRNA expression vector and a vector expressing the LacZ-TNFAIP8 fusion protein. Both Tnfaip8 shRNAs achieved greater than 75% reduction in b-galactosidase levels compared with the control (Figure 4b ). The two Tnfaip8 shRNAs were then cloned into a modified retroviral expression vector designated pMSCV-LTRmiR30-PIhCD (Supplementary Figure S1b) , a modified form of a previously reported vector that embeds the shRNA sequence within a larger miRNA sequence so as to improve effectiveness. 25 To determine the requirement for Tnfaip8 expression for glucocorticoid-mediated thymocyte apoptosis, HPCs were infected with shRNAmiR-expressing retroviruses and used to repopulate 2dGuo depleted FTOCs. The FTOCs were cultured for 13 days and then analyzed for the effect of the target gene knockdown compared with gene overexpression on thymocyte development. The retroviruses used had shRNAmiRs directed against Tnfaip8 and Bim (as a positive control) and an empty vector control. Flow cytometric analysis of hCD2, CD4 and CD8 staining showed that all the shRNAmiR retroviral expression vectors maintained expression throughout thymocyte development within FTOCs, did not affect development (Figure 4c ) and demonstrated no loss or enrichment of hCD2 expression (Figure 4d ). The repopulated FTOCs were then exposed to 0.5 mM dexamethasone for 4 h and the thymocytes were stained for CD8 and hCD2, as well as DRAQ5, to determine DNA content. Thymocytes harboring the Bim shRNAmiR demonstrated significantly less apoptosis in response to dexamethasone than the vector control as expected from downregulating a gene known to be crucial to glucocorticoid-mediated apoptosis. 12 FTOCs harboring both Tnfaip8 shRNAmiRs demonstrated comparable reductions to Bim in glucocorticoid-mediated thymocyte apoptosis relative to the control (Figure 4e ). These data show that Tnfaip8 has a crucial role in glucocorticoid-induced thymocyte apoptosis.
Lymphocyte apoptosis induced by synthetic glucocorticoids is a critical component of the therapeutic regimes used to treat leukemia. 26 Recent data have suggested that the glucocorticoid-induced apoptosis pathway utilized by leukemic cells may be more similar to that used by thymocytes than for normal mature T cells. 27 Therefore, we tested the effect of knockdown of TNFAIP8 expression in the human leukemic cell line, CEM. 28 CEM cells were transduced with retrovirus expressing shRNAmiRs directed against TNFAIP8 or a Control sequence and sorted on the basis of hCD2 expression. The stably transduced cells were exposed to increasing concentrations of dexamethasone and their viability was assessed after 18 h. CEM cells harboring both TNFAIP8-directed shRNAmiRs showed a pro-survival effect compared with the controls at increasing doses of dexamethasone (Supplementary Figure S4) , which is entirely consistent with the protective effect seen on knocking down Tnfaip8 in FTOCs.
Discussion
Although glucocorticoid-mediated apoptosis of thymocytes was first described over a quarter of a century ago, its mechanistic basis remains unclear as does its role in T-cell selection and immune homeostasis. Glucocorticoids have been hypothesized to have multiple roles from directing selection processes in T-cell maturation 1 and molding the T-cell repertoire 2 to regulating thymocyte apoptosis following polyclonal T-cell activation. 29 However, the central requirement for de novo gene expression in glucocorticoidmediated apoptosis of thymocytes is clearly established. 4, 5 Using DNA microarrays, we identified genes upregulated in primary thymocytes on exposure to the glucocorticoid, dexamethasone. We then tested these genes for proapoptotic actions in primary thymocytes both in FTOCs and in thymocytes derived from HPCs grown on OP9-DL1 stromal cells. This effectively allowed us to identify genes that could act on thymocyte survival in response to a specific single proapoptotic stimulus. By then knocking down Tnfaip8 expression in individual FTOCs, we were able to show that this gene is critical for glucocorticoid-mediated thymocyte apoptosis. Bim is the only other gene characterized to have a critical role in thymocyte apoptosis driven by glucocorticoids. 11 By analogy with Bim, we propose that Tnfaip8 is critical to the proapoptotic response of thymocytes to glucocorticoids. The function of TNFAIP8 protein is not known, but it contains a death effector domain (DED) and can block CASPASEmediated apoptosis. 30 Based on sequence homology, a TNFAIP8 family of proteins has very recently been defined consisting of TNFAIP8, TIPE1 (TNFAIP8Like1), TIPE2 and TIPE3. 31 The TNFAIP8 family members do not share significant sequence homology with other proteins apart from limited homology within the DED. However, a dramatic breakthrough in identifying their role has come with the generation of Tipe2 À/À mice. 31 The Tipe2 À/À mice exhibit inflammation in many organs, splenomegaly and premature death with defective innate and adaptive immune processes. TNFAIP8 may be the molecular link between glucocorticoidmediated cell death and immune homeostasis. 3 The experimental approach that we have developed to manipulate gene expression in reconstituted FTOCs has wide application in the studies of T-cell function particularly for studies of cell survival or response to apoptotic stimuli. It is worth noting that in order to identify Tnfaip8 as crucial we used both overexpression and downregulation of expression. It is essential to do both as overexpression of Tdag8 in thymocytes suggested that it may have an essential role in thymocyte apoptosis; 18 however, thymocytes from Tdag8 À/À mice have no enhanced protection against glucocorticoidmediated cell death.
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Materials and Methods Microarray analysis. RNA was extracted in Trizol according to the manufacturer's instructions and further purified over RNeasy mini columns (Qiagen, Crawley, UK), and then checked for integrity, concentration and genomic DNA contamination using an Agilent (Palo Alto, CA, USA) 2100 Bioanalyser. RNA templates (10 mg) were used for the multistep synthesis of biotin- Tnfaip8 required for glucocortiocoid apoptosis MJ Woodward et al labeled cRNA, which was then hybridized to Affymetrix GeneChip probe arrays according to protocols outlined in the Affymetrix Gene Expression Technical Manual; experiments were performed in triplicate. Data were analyzed using Affymetrix Microarray Suite version 5.0, with normalization performed using GeneSpring 5.0 to allow comparison across panels of multiple arrays. Transcripts scored as detected in X2 arrays per triplicate; and exhibiting an X1.5-fold difference in RNA levels compared with the controls were considered to be regulated. Statistical t-testing was used to confirm differentially regulated transcripts, and Benjamini-Hochberg multiple testing corrections was used to reduce the incidence of false positives.
Q-PCR. Taqman real-time Q-PCR assays were performed according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). Primers and probes were designed using Primer Express (Applied Biosystems), sequences available on request. Mus musculus poly(A)-specific ribonuclease (deadenylation nuclease) (PARN), was identified from microarray data across several different parallel Affymetrix GeneChip probe array screens as a gene whose expression does not vary during thymocyte apoptosis and was used as a loading control. HPRT was also used as an additional loading control.
Primary thymocytes and FTOCs. Primary thymocytes were isolated and cultured as described previously. 21 FTOCs were prepared as described previously 32 and depopulated in the presence of 1.5 mM 2dGuo in six-well tissue culture dishes. After 5-day depopulation, FTOC filters were moved to media without 2dGuo 33 for 1 day and then each FTOC lobe was reconstituted with 1-3 Â 10 4 retrovirally infected (24 h post-infection) cKit þ HPCs in a well of a Terasaki plate. After 24 h, the reconstituted FTOCs were transferred to a fresh filter and left to culture at 371C for 7-17 days with one media change after 7-10 days.
OP9-DL1 co-cultures. OP9-DL1 stromal cells were maintained as described. 22 For co-cultures, OP9-DL1 cells were split 1 : 5 into six-well plates 2 days before co-culture initiation, achieving E75% confluence. OP9-DL1 cells were washed and fresh medium was added with 1 ng/ml IL-7 (Peprotech) and 5 ng/ml Flt-3 ligand (Peprotech). Each well was initially inoculated with 1 Â 10 4 HPCs at 24 h postretroviral infection. Co-cultures were incubated for 7 days with one change of medium at 4 days. After 7 days, the developing thymocytes were placed on fresh OP9-DL1 cells at a 1 : 10 split. Further 1 : 4 splits were performed at 12, 16 and 20 days.
Retroviral transduction of cells. c-Kit
þ HPCs were enriched using anti-cKit-biotin (2B8; BD Biosciences, San Jose, CA, USA) from the fetal liver of stage embryonic day E13.5 of C57BL/6 mouse embryos by magnetic cell sorting (Miltenyi Biotec, Cologne, Germany). Retroviral transduction was performed as described previously. 34 CEM cells (CCRF-CEM obtained from HPACC, Salisbury, UK) were cultured in DMEM 10% FCS. Retrovirus was produced from the Platinum-GP packaging cell line (Cell Biolabs, San Diego, CA, USA) co-transfected with VSV-G and shRNAmiR expression vectors.
Retroviral vectors and RNAi. To facilitate long-term expression of transduced genes in HPCs and derived thymocytes, the pMSCV-neo (Clontech, Mountain View, CA, USA) was modified. The phosphoglycerate kinase promoter and neomycin resistance cassette was replaced by an internal ribosome entry site (IRES) and truncated human CD2 (hCD2t) cassette amplified by PCR from the pMI-IRES-hCD2 vector (gift from Dr. MJ Bevan (Department of Immunology, University of Washington, Seattle, WA, USA). The pMSCV-LTRmiR30-PIG (LMP) RNAi vector (Open Biosystems, Huntsville, AL, USA) was adapted to express the truncated hCD2 instead of EGFP. The shRNAmiR oligo hairpins (Sigma-Genosys, Dorset, UK) were originally designed on the Invitrogen (Paisley, UK) RNAiCentral website. Purified oligos were annealed to form and then ligated into XhoI/EcoRI-digested pMSCVLTRmiR30-PIhCD2 and the constructs were confirmed by DNA sequencing. For CEM cell transductions, the same expression vector was used containing shRNA sequences against TNFAIP8 (TNFAIP8.1: CTGCGTGCGTTTCAGTGTTTAA and TNFAIP8.2: CGGTCTTGATATTGAGATAATA) as well as a validated non-silencing Control sequence (RHS1707; Open Biosystems), cloned as above. Following transduction, CEM cells were sorted using anti-CD2 microbeads (Miltenyi Biotec) and cultured at a density of 5 Â 10 4 cells per well in flat-bottomed, 96-well plates with various concentrations of dexamethasone (Sigma, Dorset, UK). After 24 h, CellTiter 96 Aqueous One Solution Reagent (Promega, Madison, WI, USA) was added to each well and, following 4 h in culture, and cell viability was determined by measuring the absorbance at 490 nm using a plate-reader (Bio-Rad, Hercules, CA, USA). Each data point was measured in triplicate.
Flow cytometric analysis. Cells were pre-incubated with unlabeled anti-Fcg III/II receptor mAb2.4G2 diluted in FACS staining buffer (PBS containing 0.1% BSA and 0.1% sodium azide). Cells were stained with CD4 (RMA4-5 or RPA-T4), CD8 (53À6.7), c-Kit (2B8) and human CD2 (RPA-2.10).
For intracellular DNA staining with 7AAD, cells were permeabilized with 0.03% saponin following cell surface staining, incubating with 0.03% saponin (Sigma) and 2.5 mg/ml 7AAD (Sigma) in FACS staining buffer at 371C for 30 min, and then stored until analysis at 41C. For DRAQ5 staining, cells were first stained for cell-surface markers and then resuspended in 300 ml FACS staining buffer containing 20 mM DRAQ5.
